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ABSTRACT
We presenta study of tidal debrisassociatedwith 126 nearbyred galaxies,selectedfrom the 1.2 degree2

MultiwavelengthSurvey by Yale-Chile(MUSYC) andthe 9.3 degree2 NOAO DeepWide-FieldSurvey. In the
full sample67 galaxies(53%) show morphologicalsignaturesof tidal interactions,consistingof broadfansof
stars,tails, andotherasymmetriesat very faint surfacebrightnesslevels. Whenrestrictingthesampleto the86
bulge-dominatedearly-typegalaxiesthefractionof tidally disturbedgalaxiesrisesto 71%, which impliesthatfor
every “normal” undisturbedelliptical therearetwo which show clearsignsof interactions.Thetidal featuresare
red andsmooth,andoften extendover � 50kpc. Of the tidally distortedgalaxiesabout2 � 3 areremnantsand
1� 3 areinteractingwith a companiongalaxy. Thecompanionsareusuallybright redgalaxiesaswell: themedian
R-bandluminosity ratio of the tidal pairsis 0.31,andthe mediancolor differenceafter correctingfor the slope
of thecolor-magnituderelationis � 0 � 02 in B � R. If theongoingmergersarerepresentative for theprogenitors
of the remnants� 35% of bulge-dominatedgalaxiesexperienceda mergerwith massratio � 1 : 4 in therecent
past. With further assumptionsit is estimatedthat the present-daymassaccretionrate of galaxieson the red
sequence� M � M � 0 � 09 � 0 � 04Gyr �

1. For a constantor increasingmassaccretionratewith redshift,we �nd
that redmergersmay leadto anevolution of a factorof

�

� 2 in thestellarmassdensityin luminousredgalaxies
over the redshiftrange0 	 z 	 1, consistentwith recentstudiesof the evolution of the luminosity density. We
concludethatmostof today's �eld elliptical galaxieswereassembledat low redshiftthroughmergersof gas-poor,
bulge-dominatedsystems.These“dry” mergersareconsistentwith thehigh centraldensitiesof ellipticals, their
old stellarpopulations,andthestrongcorrelationsof their properties.It will beinterestingto determinewhether
this modeof mergingonly playsanimportantroleat low redshiftor is relevantfor galaxiesat any redshiftif they
exceeda critical massscale.
Subjectheadings: galaxies:evolution— galaxies:formation— galaxies:elliptical andlenticular, cD

1. INTRODUCTION

Although greatlyoutnumberedby spiral galaxies,elliptical
galaxiescontain � 20% of thestellarmassin thepresent-day
Universe(Fukugita,Hogan,& Peebles1998)anddominatethe
high massend of the galaxy massfunction (e.g., Nakamura
et al. 2003).Their statusat thetopof thefoodchainis astrong
motivationfor theirstudyasit providesinsightin theprocesses
governingthebuild-upof galaxiesovercosmictime,thenature
of the most luminousgalaxiesat z � 3 and beyond, the for-
mationof the �rst stars,andtheoriginsof supermassive black
holes.

Despitevigorousresearchefforts it is still not known how
andwhenelliptical galaxieswereformed. Separatingthetime
of theformationof their stars from thetime of their assembly,
apartialansweris thatmostof thestarsin themostmassiveel-
lipticals wereformedat high redshift. This resultis supported
by alargenumberof studiesof nearbyanddistantgalaxies,and
appliesto ellipticalsin thegeneral�eld aswell asthosein rich
clusters(e.g.,Bower, Lucey, & Ellis 1992; Ellis et al. 1997;
Bernardiet al. 1998,2003;vanDokkumet al. 1998a,1998b;
Treuet al. 1999,2002;vanDokkumet al. 2001a;Holdenet al.
2005).Evenwhenaccountingfor possibleselectioneffectsdue
to morphologicalevolution (“progenitorbias”; vanDokkum&
Franx2001),it is very dif�cult to �t theobservedevolution of
massive ellipticalswith formationredshiftssubstantiallylower
thanz � 2. Althoughthereis generalagreementthat themean
ageis high, therearestrongindicationsthatnot all starsin all
elliptical galaxiesformedat high redshift: Trageret al. (2000)
and others(e.g., Yi et al. 2005) �nd evidencefor a “sprin-
kling” of recentstarformationin otherwiseold ellipticals,and

recentstudiesof the evolution of the FundamentalPlanerela-
tion (Djorgovski & Davis 1987) �nd evidencethat low mass
early-typegalaxieshave lower luminosity-weightedagesthan
highmassones(Treuet al. 2005;vanderWel et al. 2005).

Much lessis known aboutthe assemblyof elliptical galax-
ies, that is, when and how the galaxieswere “put together”.
In theliterature,a distinctionis oftenmadebetweenmodelsin
which elliptical galaxiesform from thecollapseof primordial
gasclouds(“monolithic collapse”;e.g.,Eggen,Lynden-Bell,&
Sandage1962;Jimenezet al. 1999),or in mergersof smaller
galaxies(“hierarchically”;e.g.Toomre& Toomre1972;White
& Frenk1991). Within the framework of a mergermodelthe
questionof assemblycanbespeci�edas,�rst, thetypicalageof
thelastmajormerger;andsecond,thenatureof theprogenitor
galaxies.In many individual caseswe canreadilyanswerboth
questions:abundantevidenceleaveslittle doubtthat someel-
lipticals formedrecentlythroughthemergerof spiralgalaxies,
or will do so in thenearfuture(e.g.,Toomre& Toomre1972;
Schweizer1982;Hibbard& vanGorkom1996).However, it is
not clearwhethersuchmergersareexceptionalor responsible
for theformationof themajorityof ellipticals.

Among the observational arguments for recent mergers
are the detection of “�ne-structure” (e.g., shells and rip-
ples) in a large numberof nearbyellipticals (Malin & Carter
1983; Schweizeret al. 1990); the presenceof kinematically-
decoupledcores(Franx & Illingworth 1988; Bender1988);
small-scaledust seenin the majority of ellipticals (e.g., van
Dokkum& Franx1995);(some)studiesof the redshiftevolu-
tion of galaxymorphologies,andof closepairs(e.g.,Le Fèvre
et al. 2000; Pattonet al. 2002; Conseliceet al. 2003); and
strongevolutionof themassdensityof redgalaxiesto z � 1, in-
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ferredfrom theCOMBO-17survey (Bell et al. 2004).Further-
more, and perhapsmost importantly, the hierarchicalassem-
bly of galaxiesis a centralaspectof currentmodelsfor galaxy
formationin 
 CDM cosmologies(e.g.,Kauffmann,White, &
Guiderdoni1993;Coleetal. 2000;Mezaet al. 2003).

Amongargumentsagainstthemergerhypothesisarethelow
probability of mergersin virialized clusters,which aredomi-
natedby ellipticals (Ostriker 1980;Makino & Hut 1997); the
factthatthecentraldensitiesof ellipticalsaretoohigh to bethe
resultof dissipationlessmergersof puredisks(Carlberg 1986;
Hernquist1992);thelow scatterin thecolor-magnituderelation
andFundamentalPlane,which is inconsistentwith the diver-
sity in stellarpopulationsexpectedfrom spiralgalaxymergers
(e.g.,Bower, Kodama,& Terlevich 1998,Peebles2002); the
muchhigherspeci�c frequency of globular clustersfor ellipti-
calsthanfor spirals(althoughsomeglobularsmay be formed
during mergers;e.g.,Schweizeret al. 1996); the observation
thatknown remnantsof spiralgalaxymergershave underlumi-
nousX-ray halos(Sansom,Hibbard,& Schweizer2000); the
existenceof the M ����
 relation (Gebhardtet al. 2000; Fer-
rarese& Merritt 2000); and the presenceof massive galaxies
at high redshift (e.g., Franx et al. 2003; Daddi et al. 2004;
Glazebrooket al. 2004)

Theseapparentlycontradictorylines of evidencemay be
largely reconciledby postulatingthat most elliptical galaxies
formedthrough(nearly)dissipationless(or “dry”) mergersof
red, bulge-dominatedgalaxiesrather than mergers of spiral
disks. Motivatedby the comparatively red colors of ellipti-
calsexhibiting �ne-structureSchweizer& Seitzer(1992)dis-
cussthis possibility, but arguethatmergersbetweenearly-type
galaxiesarestatisticallyunlikely asthe “median” �eld galaxy
is anSbspiral (seealsoSilva & Bothun1998).However, most
mergers likely occur in groups,where the early-typegalaxy
fraction is muchhigherthanin thegeneral�eld (e.g.,Zablud-
off & Mulchaey 1998). Furthermore,semianalyicalmodelsof
galaxyformationhave predictedthat the mostrecentmergers
of bright ellipticals were betweengas-poor, bulge-dominated
galaxies(Kauffmann & Haehnelt2000; Khochfar & Burkert

2003), and several studieshave shown that suchmerging is
consistentwith theobservedFundamentalPlanerelation(e.g.,
González-García& vanAlbada2003;Boylan-Kolchin, Ma, &
Quataert2005). Finally, mergersbetweenredgalaxiesmaybe
commonin young, unvirialized galaxyclustersat z � 1 (van
Dokkumet al. 1999,2001b,Tranet al. 2005).

Although someearly-type/early-typemergersareknown to
exist in the local universe(e.g., Davoust & Prugniel 1988;
Combesetal. 1995),little is knownabouttheirfrequency. Here
we investigatethe relevanceof dry merging by analyzingthe
frequency andnatureof tidal distortionsassociatedwith awell-
de�nedsampleof brightredgalaxies.Thisstudywasmotivated
by the resultsof Kauffmann& Haehnelt(2000),Khochfar &
Burkert (2003),andBell et al. (2004),theobservationsof red
mergersin z � 1 clusters,andtheadventof verydeepphotomet-
ric surveys over wide areas.We assume� m � 0 � 3, ����� 0 � 7,
andH0 � 70kms�

1 Mpc �

1 (Spergeletal. 2003).

2. MORPHOLOGICAL SIGNATURES

Mergers betweengas-poor, bulge-dominatedgalaxiesare
generallymoredif�cult to recognizethanmergersbetweengas-
rich disks. Elliptical-elliptical mergersdo not developpromi-
nenttidal tails dottedwith starforming regions,but areinstead
characterizedby the ejectionof broad“f ans” of stars,and in
certaincasesanasymmetricdeformationof theinnerisophotes
(e.g.,Rix & White1989;Balcells& Quinn1990;Combesetal.
1995). Tails may develop if oneof the progenitorsrotatesor
hasa disk component(Combeset al. 1995),but asthereis no
cold, youngcomponenttheseareexpectedto be morediffuse
thanthoseseenin encountersbetweenlate-typegalaxies.

Theseeffectsareillustratedin Fig. 1, which shows theevo-
lution of anoff-axis collision betweentwo hot stellarsystems.
The simulationwasperformedwith an implementationof the
Barnes& Hut (1986)hierarchicaltreecode,using65,536parti-
cles.Thegalaxieshavea 3:1 massratioandarerepresentedby
Plummermodels.Thesimulationillustratestherapidmerging
of the two bodies,the lack of tidal tails, andthe development

FIG. 1.— Illustrationof anoff-axiscollisionbetweenhotstellarsystems,with massratio3:1. Thesimulationwasperformedwith animplementa-
tion of theBarnes& Hut (1986)treecode,using65,536particles.Thegalaxiesmergequickly; afterthemergertheonly morphologicalsignature
is thepresenceof a broadasymmetricfanof material,which rapidly becomesmorediffuse.Notethelack of tidal tails,which only form if there
is a signi�cant coldcomponent.
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of a largefanof material.Thecentralpartsof themergerrem-
nantquickly settlein anew equilibriumcon�guration,whereas
the material in the outer parts– wheredynamicaltimescales
are long – graduallybecomesmorediffuse. For a moregen-
eralanalysisof thedevelopmentof elliptical-ellipticalmergers,
including the effectsof rotationanddifferentmassratios,we
referto Combeset al. (1995)andsubsequentpapers.

The surfacebrightnessof tidal featuresassociatedwith this
type of mergersis comparatively low: the featuresconsistof
old, red stellarpopulations,andhave higherM � L ratios than
thebluetailsassociatedwith mergersof late-typegalaxies.Fur-
thermore,they aretypically morediffuse,dueto the lack of a
cold disk in the progenitors. After the merger, the evidence
of the pastencounterbecomesincreasinglydif�cult to detect
asdynamicalevolution reducesthe surfacebrightnessfurther
(e.g.,Mihos 1995).No detailedsimulationshave beendoneof
the expectedsurfacebrightnessevolution of tidal featuresre-
sultingfrom early-typemergers,but a very roughestimatecan
be obtainedfrom the simulationshown in Fig. 1. Calibrating
the outputsuchthat the averagesurfacebrightnesswithin the
effective radiusof the remnant ��� R �

� 20magarcsec�

2 (Jør-
gensen,Franx,& Kjærgaard1995),we �nd that the “f an” of
materialto theupperleft has � R � 25 at t � 10, i.e., immedi-
atelyafter themerger. Thefollowing timestepsshow a contin-
uedrapiddecreaseof thebrightness,reaching� R � 27att � 15,
the�nal timestepof thesimulation.

It is dif�cult to reachsuchlow surfacebrightnesslevelsob-
servationally: extreme enhancementsof photographicplates
enabledMalin & Carter(1983)to detectfeaturesto ��� 26� 5,
similar to the limits reachedby Schweizer& Seitzer(1992)
with their deepCCD exposureson the Kitt Peak0.9m tele-
scope. Detectingfeatureswith surfacebrightness27 � 28 re-
quiresseveralhoursof integrationtimeon4m classtelescopes,
and to imagea sizeablesampleof nearbygalaxieswould re-
quirehundredsof hours.Furthermore,�at �elding would have
to beaccurateto

�

	 0 � 1% over theentire10��� 30� �eld.
Thesepracticaldif�culties canbe solved by exploiting the

fact that the � 1 � z�

4 cosmologicalsurfacebrightnessdimming
is a very slow functionof redshiftfor z � 1. Whereasmoving
agalaxyfrom z � 0 � 01to z � 0 � 1 reducesits totalbrightnessby
5 magnitudes,its surfacebrightnesschangesby only 0.35mag.
In practiceit is easierto detectveryfaintsurfacebrightnessfea-
turesarounda galaxyat z � 0 � 1 thanat z � 0 � 01 asit occupies
a 70 � smallerareaof thedetector. Furthermore,andmostim-
portantly, a studyof tidal featuresat z � 0 � 1 doesnot requirea
dedicatedsurvey but canbedonewith existing imagingdata.

3. DATA

We usedatafrom two deepextra-galacticsurveys: theMul-
tiwavelengthSurvey by Yale-Chile(MUSYC; Gawiser et al.
2005), and the NOAO Deep Wide-Field Survey (NDWFS;
Januzzi& Dey 1999, Januzziet al. 2005, Dey et al. 2005).
Thedataproductsfrom theoptical imagingcomponentsof the
two survey arequitesimilar, asthey bothusethe8192 � 8192
pixel MOSAIC camerason theNOAO 4mtelescopes.Thefull
datasetcovers10.5squaredegreesof sky, reaching1
 surface
brightnesslevelsof � � 29magarcsec�

2.

3.1. MUSYC

MUSYC is a deepoptical/near-infrared imaging and spec-
troscopicsurvey of two Southernandtwo equatorial30�

� 30�

�elds, chosenfor their low backgroundandtheavailability of
dataatotherwavelengths.The�elds aretheExtendedChandra
DeepField South(E-CDFS),theExtendedHubbleDeepField
South(E-HDFS),the�eld centeredonthez � 6 � 3 SloanDigital
Sky Survey quasarSDSS1030+05(Beckeretal. 2001),andthe
blanklow background�eld CW1255+01.Theprimarygoalof
thesurvey is thestudyof normalandactivegalaxiesat z � 2.

Thesurvey designanddataanalysisproceduresaredescribed
in Gawiseret al. (2005).Brie�y , theoptical imagingdatacon-
sist of deepUBVRIz exposuresobtainedwith MOSAIC-I on
theMayall 4m telescopeon Kitt PeakandMOSAIC-II on the
Blanco4mtelescopeonCerroTololo. Theimageshaveascale
of 0 � � � 267pix �

1, and typical seeingof 1 � � � 1. The data reach
depthsof � 26 in U, � 26� 5 in B, V, andR, � 25 in I , and

� 24 in z (AB magnitudes,5
 point sourcedetections),with
somevariationbetweenthe �elds. The full exposuretime is
typically realizedoveranareaof 33� � 33� , andthetotaloptical
survey areais 1 � 2deg2.

For detectionof low surfacebrightnessfeatureswe usedthe
co-added“BVR” images(seeGawiseret al. 2005),which are
combinationsof theB, V, andR frames.Thetotal effective in-
tegrationtime of theseframesis typically � 8 hours.The�nal
depthreachesmagnitude� 27(AB; 5
 pointsourcedetection),
with slight variationsfrom �eld to �eld.

3.2. NOAO DeepWide-Field Survey

The NDWFS is a public optical andnear-infrared imaging
survey over two 9.3deg2 �elds: a 3!�� 3! �eld in Boötes,cen-
teredat 14h32m, � 34! 17

�
, anda 2 � 3!�� 4! �eld in Cetus,cen-

teredat 2h10m, � 4! 30� (seeJanuzzi& Dey 1999;Januzziet al.
2005). The primary goal of the survey is to studylarge scale
structureat z � 1. We usethe optical imagesavailable in the
third datarelease(DR3; October22 2004). This releasecom-
prisestheentire9 � 3deg2 Boötes�eld.

Comparedto MUSYC, the NDWFS sacri�ces multi-band
coveragefor area. Only threeoptical �lters areused: Bw, R,
andI . TheBw �lter wasdesignedspeci�cally for theNDWFS:
it is a very broadblue �lter , effectively a combinationof the
standardU andB �lters. Exposuretimesvary acrossthe�eld;
themedianvaluesare8400s in Bw, 6000s in R, and11400s in
I . Detailsof DR3 canbefoundon theNDWFSwebpages1.

Thedatawerenotpastedtogetherin a mosaicby NOAO but
releasedas27 partially overlapping35�

� 35� MOSAIC point-
ings. We obtainedall 27 pointingsin Bw, R, and I from the
NOAO archive. In orderto increasethe signal-to-noise(S/N)
ratiowe createdco-added“BRI” images,in thefollowing way.
First,all imageswerenormalizedsuchthat1 countcorresponds
to AB � 30mag. Next, the summedBRI imageswerecreated
from theB, R, andI framesaccordingto BRI � B � R � 0 � 5 � I .
This procedureoptimizestheS/N ratio for objectswith theap-
proximateSEDof nearbyelliptical galaxies.

3.3. Depthof SummedImages

The detectionof diffusetidal featuresdependson the limit-
ing surfacebrightnesslevel of thedata,noton thepoint source
detectionlimit. To assessthe (AB) surfacebrightnesslimits
we placedrandomapertureswith an areaof 1

� �
in empty re-

gions,anddeterminedtherms �uctuations. Theco-addedim-
ageswereused,i.e., the “BVR” imagesfor MUSYC andthe
“BRI” imagesfor NDWFS.

1 http://www.noao.edu/noao/noaodeep/DR3/
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FIG. 2.— Sampleselection. Solid lines show the expectedB " R colors and R magnitudesfor L # and 3L # elliptical galaxiesat redshifts
0 $ 04 % z % 0 $ 20. Thedashedlinesshows theselectionregion in colorandmagnitude.MUSYC consistsof four 0.3deg2 �elds, includingtheareas
aroundtheChandraDeepFieldSouthandtheHubbleDeepFieldSouth.TheNDWFScoversa contiguousareaof 9.3deg2.

The MUSYC images have a typical 1
 surface bright-
nesslimit of �&� 29� 5magarcsec�

2 whereasthis limit is �

29magarcsec�

2 for the NDWFS images. Thesenumbersare
approximate:theexactlimit dependson the�eld, thelocal �at
�elding accuracy, andon theassumedspectralenergy distribu-
tion of thesource.Thegreaterdepthof MUSYC wasexpected,
asmoreexposuretime wasdevotedto theef�cient B, V andR
�lters.

Theability to detectlow surfacebrightnessemissionis in�u-
encedby theextentof thefeatures,confusionwith neighboring
objects,thecontrastwith thesmoothemissionfrom thegalaxy,
andothereffects;in practice,we �nd we cancon�dently iden-
tify featuresdown to � � 28magarcsec�

2.

4. SAMPLE SELECTION

Theinitial sampleselectionis basedoncolorandmagnitude
only. No morphologicalcriteriaareapplied,for threereasons:
�rst, a simple color cut is straightforward to reproduce;sec-
ond, asthe galaxiesaretypically at z � 0 � 1 it canbe dif�cult
to determinemorphologiesfrom ground-baseddata(see§5.1);
andthird, theclassi�cationprocessitself mightbiasthesample
towardor againstgalaxieswith tidal features.

4.1. Catalogs

Thecombinationof thetwo surveyscomprises31multi-band
tiles, eachcovering � 0 � 3deg2. Catalogswere createdusing
the SExtractorsoftware (Bertin & Arnouts 1996). SExtrac-
tor catalogswereavailable for both surveys but theseareop-
timized for faint point sources,not for large,nearbygalaxies.
SExtractorwas run with its default settings,with the follow-
ing changes.The detectionthresholdwassetat 20
 , with the
addedrequirementthat10adjacentpixelsareabovethethresh-
old, and the meshsize for backgroundsubtractionwassetat
400pixelsratherthanthedefault64to avoid oversubtractionof

thebackgroundfor largegalaxies.Matchedphotometryin each
bandwasobtainedby runningSExtractorin dual imagemode,
alwaysusingtheR-bandimagesfor detection.

SExtractor's AUTO magnitudesare usedas bestestimates
for total magnitudes.Colorswereinitially determinedin �x ed
5� � diameterapertures.However, we �nd thatcolorsmeasured
in �x ed aperturesare not well suited for theselarge objects
asthey introducedistance-dependentselectionbiases.Specif-
ically, whenselectingon aperturecolor the sampleinvariably
containslarge, presumablyvery nearbyspiral galaxieswith
blue disksandred bulges. In the following, B � R colors re-
fer to BAUTO � RAUTO, measuredin dualimagemode.

Finally, themeasuredBw � R colorsin theNDWFSarecon-
vertedto thestandardJohnsonsystem.The Bw �lter wascre-
atedfor the NDWFS andhasa bluer centralwavelengththan
theB �lter . Using templatesfrom Coleman,Wu, & Weedman
(1980)wederive

� B � R�'� 0 � 27 � 0 � 62� Bw � R�(� 0 � 07� Bw � R�

2
� (1)

Thistransformationholdsto afew percentfor 1 	)� B � R�'	 2 � 5
andredshiftsz 	 0 � 2, andwasappliedto theNDWFSphotom-
etry prior to thesampleselection.Total magnitudesandcolors
aregivenontheVegasystemto facilitatecomparisonsto previ-
ousstudies.

4.2. Color Selection

Galaxiesareselectedon thebasisof their total R magnitude
andB � R color. Figure2 showscolor-magnitudediagramsfor
the four MUSYC �elds (left) and for the 27 NDWFS �elds
(right). Only objectswith a star/galaxyclassi�cation 	 0 � 06
are shown (seeBertin & Arnouts 1996). This classi�cation
is fairly robust at the magnitudesof interest,and effectively
removesboth non-saturatedandsaturatedstarsfrom the sam-
ple. Visual inspectionrevealedthat the software assigneda
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star/galaxyclassi�cation * 0 � 06 to four galaxiesin our sam-
ple; for theseobjectsthe valuewasmanuallyset to zero. We
note that the coresof somebright galaxiescan be saturated,
which in�uences the magnitudesand(particularly) the colors
in unpredictableways.As thiseffect is dif�cult to quantifyand
only in�uencesa handfulof objectswe did not attempta cor-
rection.Thedistributionof pointsis similar in thetwo surveys.
Thenumberof objectsin theNDWFSis anorderof magnitude
largerthanin MUSYC, asexpectedfrom thedifferencein area.

We selectedgalaxieswith the colors and magnitudesof
L � L + early-typegalaxiesat 0 � 05 	 z 	 0 � 2. The two solid
lines show the colorsof the Colemanet al. (1980)E/S0tem-
plate redshiftedfrom z � 0 � 04 to z � 0 � 20, normalizedto L +

and 3L + (Blanton et al. 2001). Dashedlines delineatethe
adoptedselectionregion: R 	 17, 1 � 6 ,-� B � R�., 2 � 2, and

� B � R�

� 1 � 6 � 0 � 12 ��� R � 15� . The galaxiesin the dashed
region arethe brightestandreddestin 10� 5 squaredegreesof
sky.

4.3. AdditionalSteps

After visualinspectionof theinitial sampleof 155redobjects
32 were removed for variousreasons.The discardedobjects
fall in a wide rangeof categories:mis-classi�edstars(usually
blendswith otherstarsor galaxies);objectson the edgeof a
�eld; spuriousobjects(alwaysnearvery bright stars);severely
saturatedgalaxies(althoughinterestingin their own right, as
they arelikely verybrightactivenuclei);andgalaxiesthathave
morethanonecataloglisting. Thelatteroccursbecausethe27
NDWFStiles have someoverlap;in thesecasesthedatafrom
theoverlappingpointingswereadded,unlesstheS/N is much
higher in one of the two. We also removed 12 galaxiesthat
arelikely membersof known galaxyclusters.Eightarelocated
within 8� of NSCJ142841+323859,a clusterat z � 0 � 127,and
four arelocatedwithin 4

�
of thepoorer, morecompactcluster

NSCJ142701+341214atz � 0 � 2 (Galet al. 2003).
Finally, we inspectedall galaxieswith 17 , R , 17� 75 to

identify merging pairs (see§5.2) that are split into two ob-
jectsby SExtractor, andwhosecombinedluminositiesandcol-
orswould placethemin our selectionregion. Threesuchpairs
wereidenti�ed, andthebrightestgalaxyof eachpairwasadded
to thesample:4-1190,4-1975,and22-2252.The�nal sample
thusconsistsof 126red�eld galaxiesin MUSYC andthethird
datareleaseof theNDWFS.

4.4. MedianRedshift

The medianR magnitudeof galaxiesin our sampleis 16.4,
and the medianB � R color is 1.92. As can be seenin Fig.
2 thesevaluessuggestthat themediangalaxyis an L � 1 � 2L +

early-typegalaxyat redshiftz � 0 � 11. Currentlywe have red-
shiftsfor only nineof the123galaxies:four in theCDF-Sfrom
COMBO-17(Wolf etal. 2005),two in theSDSS1030+05�eld
from theSDSS(Yorketal. 2000),andthreein theCW1255+01
�eld from the SDSS.The meanredshiftof thesenine objects

� z
�

� 0 � 13 with a spreadof 0.02,consistentwith the expecta-
tionsfrom ourcolor selection.

As a further test on the selectionwe obtainedphotometric
andspectroscopicdatain tenrandomlyselected3 !/� 3! �elds
from theSDSS.Galaxieswereselectedin theg � r vs. r plane
in the samemanneras in our study, using the Fukugitaet al.
(1995) transformationsto convert our R and B � R limits to
SDSSr andg � r limits. The medianredshift is 0.098,with
90% of the galaxiesat z � 0 � 05. The rms �eld-to-�eld varia-
tion of themedianis only 0.008.

In the following we will adoptz � 0 � 1 as the medianred-
shift; our conclusionschangevery little if we wereto use,e.g.,
z � 0 � 08 or z � 0 � 13 instead.For z � 0 � 1 our observedR-band
limit correspondsto MR �0� 21, and the mediangalaxy has
MR �1� 22.

5. ANALYSIS

5.1. Morphologies

All galaxieswereassigneda morphologicaltypeby visually
inspectingtheir summedimages(i.e., the “BVR” imagesfor
MUSYC galaxiesandthe“BRI” imagesfor NDWFSobjects).
Theimagesspana largerangein surfacebrightnesslevels,go-
ing from thenearlysaturatedcentralregionsto verylow surface
brightnessfeaturesupto � 50kpcawayfrom thecenter. As the
relevant dynamicbrightnessrangeis

�

� 104 eachgalaxy was
displayedat four differentcontrastlevelssimultaneously.

The morphologicaltypesare necessarilybroad. Although
the S/N ratio is very high the spatialresolutionis quite poor:
thetypicalseeingis 1 � � � 1, whichcorrespondsto 3kpcatz � 0 � 1.
Therefore,we only have 2 � 3 resolutionelementswithin the
half-light radii of many galaxies(see,e.g., Jørgensen,Franx,
& Kjærgaard1995).Theassignedtypesarespiral (S), indicat-
ing the presenceof spiral armsand/orstar forming regionsin
a disk; S0, indicatinganearly-typegalaxywith an unambigu-
ousdisk component;andE/S0, indicatinga bulge-dominated
early-typegalaxy. Wecannotsecurelyseparateelliptical galax-
ies from bulge-dominatedor face-onS0 galaxies.Contraryto
theusualde�nition theE/S0classthereforeencompassesellip-
ticals,bulge-dominatedS0s,E/S0s,andS0/Es.

Morphologicalclassi�cationsare listed in Table1, andim-
agesof all 126 galaxiesare shown in the Appendix. As ex-
pected,the sampleis dominatedby early-typegalaxies: of
126 objects,10 (8%) are classi�ed as spirals, 30 (24%) as
S0s(i.e., disk-dominatedearly-typegalaxies),and 86 (68%)
asE/S0s(i.e., bulge-dominatedearly-typegalaxies). Most of
the spiral galaxieshave large red bulgesand faint blue arms.
Basedon their morphologiesat surfacebrightnesslevels �

�

	

25magarcsec2 weinfer thatvirtually all galaxiesin oursample
areredbecauseof theirevolvedstellarpopulations,andnotbe-
causeof dust(asis well known from many previousstudiesof
bright redgalaxiesin the local Universe;see,e.g.,Sandage&
Visvanathan1978,Stratevaetal. 2001).

5.2. Tidal Features

Tidal featureswere�rst identi�ed by visualinspectionof the
full sampleof 126 galaxies;a quantitative analysisof distur-
bancesin the restrictedsampleof 86 bulge-dominatedearly-
type galaxiesfollows in § 5.3. The �ag describingtidal fea-
turescan have one of four values: 0 for no tidal features,1
for weakfeatures,2 for strongfeatures,and3 for an ongoing
interactionwith anothergalaxy. Galaxiesin the “2” classare
generallyhighly deformedmerger remnants,whereasthe “1”
classindicatesmore subtle features. The differenceis obvi-
ouslyquitesubjective,andin thesubsequentanalysisthesetwo
classeswill generallybecombinedinto one. A “3” classi�ca-
tion implies thatboth theprimaryandsecondarygalaxyshow
cleardistortionsor tidal tails.

The key result of our analysisis the ubiquity of tidal fea-
tures,particularlyamongbulge-dominatedearly-typegalaxies.
In the full sampleof 126galaxies,44 (35%) show clearsigns
of pastinteractionsandin anadditional23cases(18%) thein-
teractionis still in progress.Only 59 galaxies(47%) appear
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(a) (b)

(c) (d)

FIG. 3.— Examplesof redmergers,orderedby theprogressionof theinteraction.Theimagesweregeneratedby combiningtheB andR frames.
Theobjectsare17-596and17-681(a); 19-2206and19-2242(b); 1256-5723(c); and16-1302(d). Panel(a)spans5243 52 ; panels(b), (c), and(d)
span2 $

2 5 3 2 $
2 5. Thetidal featuresarefaintandred,andgenerallybarelyvisible in B. Similar featuresareseenin a largefractionof oursampleof

123redgalaxies,in particularamongthebulge-dominatedearly-typegalaxies.Imagesof all objectsaregivenin theAppendix.

undisturbed,showing nounambiguoustidal featuresat thesur-
facebrightnesslimit of the survey. The fraction of disturbed
objectsis lowestamonggalaxieswith a cleardisk component.
Among40 galaxiesclassi�edasS or S0,only six (15%) show
evidencefor pastor presentinteractions. In contrast,among
the 86 galaxiesclassi�ed asE/S0undisturbedobjectsare the
exception,as61 (71%) show tidal features.

Thenatureandextentof thedisturbancesspana wide range.
Somegalaxieshaveclearlyde�nedtidal tailswhile othersshow

broadfansof starssimilar to the�nal framesof thesimulation
shown in Fig. 1. In mostcasesthedisturbancesaresubtleand
only visible at largeradii andvery faint surfacebrightnesslev-
els, althoughsomeobjectsarestronglydisturbedthroughout.
Oftenwe seea mixture,e.g.,awell de�ned tail in additionto a
broad,smoothdisturbanceatvery faint levels.This largerange
of propertiesis not surprisingasit re�ects thevariationin the
ageof theinteraction,theviewing angles,andthepropertiesof
theprogenitors.
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(a) (b)

(c) (d)28.0
27.5
27.0

FIG. 4.— SameasFig. 3, but now highlighting faint surfacebrightnesslevels in thesummedexposures.Thefour systemshave extensive tidal
debris,extendingto 12 or morefrom the center. Featurescanbe reliably detecteddown to 5 28magarcsec6

2. Despitetheir large extent the
featurescontainlessthan10% of thetotal light of thegalaxies.

The tidal featuresarealmostalwaysred. In many casesthe
featuresareonly visible in theR andI framesdespitethesub-
stantialdepthof theblueexposures.They alsoappearsmooth,
showing no or very little evidencefor clumpsandcondensa-
tions. In theserespectsthe featuresare very different from
the blue, clumpy tidal tails seenin spiral–spiralinteractions
(e.g., Mirabel, Dottori, & Lutz 1992; Hunsberger, Charlton,
& Zaritsky 1996), and from the sharpshellsand ripples de-
tectedin unsharp-maskedimagesof ellipticals(e.g.,Schweizer
& Seitzer1992,Colbertetal. 2001).Wenoteherethatourdata

arenot well suitedto identify narrow features,asthe FWHM
resolutionof our datais about2 kpcat z � 0 � 1.

The remarkablenatureof thesered mergersand their rem-
nantsis illustratedin Fig. 3. The �gure shows two examples
of ongoingmergers,anexampleof astronglydisturbedmerger
remnant,andan exampleof a galaxywith moresubtledistor-
tionsat faint surfacebrightnesslevels,arrangedin a plausible
redmergersequence.In all casesthetidal featuresaresmooth
andred,andquitedifferentfrom thehighly structuredbluetails
associatedwith known mergersbetweengasrich diskgalaxies.
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Figure4 showssummedimagesof thesameobjects,highlight-
ing thefaintestfeaturesandproviding anindicationof thesur-
facebrightnesslevels reachedby the observations. We stress
thattheseobjectsarefairly typicalexamples:ascanbeinferred
from thesmallerimagesshown in theAppendixthey areby no
meansuniquewithin oursample.

5.3. QuantitativeIdenti�cation of Tidal Features

Quantitative characterizationof the tidal featuresis impor-
tantfor testingtherobustnessof thevisualclassi�cations,mea-
suring the �ux associatedwith the features,assessingthe ef-
fectsof changingtheS/N ratio,andexaminingcorrelationsbe-
tweendistortionsandotherpropertiesof the galaxies. Quan-
titative criteria are also useful as a tool for future studiesof
larger samples.Standardmeasuresof asymmetry(e.g.,Abra-
ham et al. 1996; Conseliceet al. 2003) are not applicableto
thesegalaxiesasthefeaturescompriseonly a smallpercentage
of thetotal luminosityof thegalaxies.Insteadamethodwasde-
velopedwhich determinesdistortionswith respectto a model
light distribution (see,e.g.,Colbertet al. 2001). The method
is only meaningful for bulge-dominatedearly-typegalaxies,
whichmakeup thebulk of thesample.

First, thegalaxiesare�tted by anelliptical galaxymodelus-
ing the “ellipse” task in IRAF, in threeiterations. After each
iterationamask�le is updatedusingtheresidualsfrom thepre-

vious �t. The centerposition, ellipticity, and position angle
areallowedto varywith radius.In caseswhereasecondgalaxy
overlapstheprimaryobjectthetwo objectsare�tted iteratively.
The�nal modelimageis denotedM. Next, a“clean” galaxyim-
ageG is producedin thefollowing way. Objectsblueror redder
thanthe primary galaxyaremasked, by dividing the R andB
bandimages,median�ltering, andidentifying pixelsdeviating
morethana factortwo from themediancolor of thegalaxy. To
removesmallforegroundandbackgroundobjectsandretainthe
smoothgalaxylight a “reverse”unsharpmaskingtechniqueis
used: the galaxyimagesarecomparedto Gaussian-smoothed
versionsof themselves,andpixelsdeviatingmorethana factor
two aremasked (excluding the galaxycenters). Pixels in the
vicinity of maskedpixelsarealsomasked. Finally, a fractional
distortion imageF is createdby dividing G by M. The dis-
tortion imageis convolvedwith a 5 � 5 median�lter to reduce
pixel-to-pixel variations. The parametert describingthe level
of distortionis de�ned as

t � 7

7

Fx 8 y � Fx 8 y 7

7:9

(2)

The tidal parameterthusmeasuresthemedianabsolutedevia-
tion of the(fractional)residualsfrom themodel�t.

Theprocedureis illustratedin Fig. 5, for a galaxypair with
no visible distortions,a galaxywith a weaktidal feature,anda
stronglydisturbedobject.Thevisually identi�ed tidal features

none

weak

strong

t = 0.08

t = 0.12

t = 0.24

FIG. 5.— Illustration of the derivation of t, the quantitydescribingthe deviationsfrom ellipse�ts to the galaxies.Threegalaxiesareshown:
7-1818(top) hasno visually detectedfeatures;18-794(center)hasa weaktidal feature,and1256-5723(bottom)hasstrongtidal features.From
left to right areshown: the summedgalaxy image; the galaxy imageG with sharpfeatures,blue features,and low S/N regionsmasked; the
elliptical model�t M; andthemedian-�ltered,noise-correcteddistortionimageF from which t is measured.
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areisolatedandemphasizedin thedistortionimagesF shown
at right. The correspondingvaluesof t vary from 8% for the
undistortedobjectto 24% for thestronglydisturbedobject.

In Fig. 6(a) the valuesof t arecomparedto the visual tidal
classi�cationsfor all 86 bulge-dominatedearly-typegalaxies.
There is a strongcorrelation: the medianvalue of t is 0.08
for galaxiesclassi�edasundisturbed,0.13for weaklydisturbed
galaxies,and0.19for stronglydisturbedgalaxiesandongoing
mergers.Tidal featuresareusuallyvisually identi�ed if t � 0 � 1:
of 23 galaxieswith t 	 0 � 1 only 5 (22%) werevisually classi-
�ed astidally distorted,comparedto 56outof 63galaxieswith
t * 0 � 1 (89%). We concludethatthevisually identi�ed distor-
tionsarerobustandimply medianabsolutedeviationsfrom an
ellipse�t of

�

� 10%.

FIG. 6.— Comparisonof visualclassi�cationsandthetidal parameter
t for the86 galaxiesclassi�ed asE/S0. Thereis a strongcorrelation
betweent andthevisualclassi�cations.Galaxieswith visually identi-
�ed tidal featuresgenerallyhavet ; 0 $ 1. Thehistogramsin (b) show
the effect of lowering the S/N ratio by a factorten. Themajority of
galaxiesmove to t < 0 $ 1, andhencewouldnotbeidenti�ed astidally
distortedobjects.

The distortionmapsF canbe usedto estimatethe amount
of star light associatedwith the tidal features.Visual inspec-
tion of thedistortionmapssuggeststhatpixelsdeviating more
than15% from the modelareusuallyassociatedwith visible
features.A maskF

�
wascreatedby settingpixelswith values

* 0 � 15 in F to 1 andall otherpixels to zero. Therelative �ux
in thetidal featureswasthenestimatedasfollows:

ft �

=

F �x 8 y �>� Gx 8 y � Mx 8 y �

=

Mx 8 y
9

(3)

with thesummationsover all pixelsx
9

y. As expected,theme-
dian valueof ft is low for the 25 E/S0galaxieswith t 	 0 � 1:
0.01, about1% of the galaxy light. The medianis 0.04 for
the63 galaxieswith t * 0 � 1 and0.07for the14mostdisturbed
galaxieswith t * 0 � 2. From varying the cutoff in F the sys-
tematicuncertaintyin thesevaluesis estimatedat � 30%. We
infer that – despitetheir large extent – the tidal featurestypi-
cally containonly about5% of thetotal light of thegalaxies.

5.4. OngoingMergers

Thereare23 galaxiesin the samplethat show a clear tidal
connectionto a secondaryobject. In four casesthesecondary
objectis alsoin thesampleof 126,leaving nineteenuniquesys-
tems. The fact that tidal featureshave developedimplies that
dynamicalfriction is alreadyatwork. Assumingthatthegalax-
ieswereinitially on nearlyparabolicorbits,which is a reason-
ableassumptionfor �eld galaxies,theimplicationis thatvirtu-
ally all thesegalaxieswill eventuallymerge(J.Barnes,private
communication).We notethatour selectionof mergerpairsby
tidal featuresis differentfrom “standard”photometricandspec-
troscopicselectionof closepairs,wherethenumberof mergers
is alwayssmallerthanthe numberof closepairs (e.g.,Patton
et al. 2002): asexpected,thereareseveral closepairs in our
samplewhich do not show tidal featuresandarenot classi�ed
asongoingmergers(see,e.g.,thetoppanelsof Fig. 5).

The19 mergersystemsareshown in Fig. 7; color imagesof
theseobjectsarein theAppendix,alongwith all othergalaxies.
In mostcasestheprimarygalaxyis in thesampleof 126andthe
secondarygalaxyis not (becauseit hasR � 17). In caseswhere
bothgalaxiesarein thesample,andin caseswheretheprimary
galaxyhasadoublenucleus,wedesignatedthebrightestobject
or nucleusasthe primary object. The primary galaxiesin the
mergingpairsareequallybrightasothergalaxiesin thesample:
theirmedianRmagnitudeis 16.3,comparedto 16.4for thefull
sampleof redgalaxies.

The merger samplecomprisesobjectsconnectedby a tidal
“bridge” (e.g.,1-2874,5-2345,18-485/522);doublenuclei in
a highly disturbedcommonenvelope(cdfs-374,cdfs-1100,4-
1190,11-962);andobjectsof similarbrightnesswith disturbed
isophotesand tidal tails or fans (e.g., 2-3070/3102,4-1975,
7-4247,17-596/681,19-2206/2242).Visual inspectionof the
merging systemsindicatesthat themergersareusuallynot be-
tweenblue, disk-dominatedsystemsbut betweenred, bulge-
dominatedsystems.Furthermore,in many casesthesecondary
galaxyappearstobeof similarbrightnessastheprimarygalaxy.
Eightof the126galaxiesaremergingwith eachother:thefour
bright,redpairsare2-3070/3102,17-596/681,18-485/522,and
19-2206/2242.

We quanti�ed theseeffectsin the following way. The lumi-
nosityratio is de�ned as

L2

L1
� 10?

R1
�

R2 @BA

2 C 5
9

(4)

andthecolordifferenceas

��� B � R�D�1� B2 � R2 �E�F� B1 � R1 �G� (5)

In the16caseswheretheprimaryandthesecondarygalaxyare
bothin theSExtractorcatalogwe calculatedtheluminosityra-
tio andthecolor differencedirectly (see§4.1). In threecases
the pair is too closeto be separatedinto two objectsby SEx-
tractor (cdfs-374,cdfs-1100,and11-962). Theseobjectsare
perhapsbetterdescribedassinglegalaxieswith doublenuclei.
Photometryfor thenucleiwasobtainedfrom aperturephotom-
etry, with the radiusof the apertureequalto half the distance
betweenthe nuclei. We note that the doublenucleusof 11-
962 is elongatedbut unresolved in the NDWFS images: the
enlargedimageshown in Fig. 7 wasobtainedwith theOPTIC
camera(Tonry et al. 2005)on theWIYN telescope,andhasa
resolutionof 0 �

� � 45FWHM.
As a checkon therobustnessof theresultswe alsoobtained

aperturephotometryin �x ed5
� �

aperturesfor the16 pairsthat
arewell separated.This methodunderestimatestheluminosity
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cdfs-374 cdfs-1100 cdfs-6976 1-2874

2-3070/3102 4-1190 4-1975 4-2713

5-2345 7-4247 11-962 11-1278

11-1732 14-1401 17-596/681 18-485/522

19-2206/2242 22-2252 26-2558

1

2

1

2

1

2
1

2

1

2

FIG. 7.— The nineteenongoingmergersin the red galaxysample.The centerof 11-962is unresolved at the resolutionof the NDWFS,and
the imageshowing the two nuclei wasobtainedwith theWIYN telescopein 0 $

2 2 45 seeing.Note that in four casesboth the primarygalaxyand
its companionarein theR < 17 redgalaxysample.In threecases(4-1190,4-1975,and22-2252)the individual pairedgalaxiesarefainterthan
R H 17but their combinedluminosityexceedsthis limit.
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FIG. 8.— Luminosityratiosandcolordifferencesof the19interactingpairs.Themedianluminosityratio is 0.31,andthemediancolordifference
is " 0 $ 07. Panel(a) shows that thecolor differencecorrelateswith theluminosityratio, in thesensethat faint companionsarebluer. Thebroken
line is thecorrelationexpectedfor early-typegalaxieson thecolor-magnituderelation. Color differencesareplottedin (b), after removing this
relation.Themedianresidualcolordifferenceis " 0 $ 02,with a scatterof 0 $ 13magnitudes.

differences,asthesecondarygalaxiesareusuallymorecompact
than the primary galaxies. Nevertheless,the resultsare very
similar, giving a medianluminosity ratio that is only � 20%
higherthanderivedfrom theSExtractorAUTO magnitudes.

The pair photometryis given in Table1. Luminosity ratios
rangefrom 0.04 to 0.80, i.e., from relatively minor 1:25 ac-
cretioneventsto nearlyequalmassmergers. The medianlu-
minosity ratio is 0.31,or a 1:3 merger. We concludethat ap-
proximatelyhalf the ongoinginteractionsare major mergers.
Themediancolordifferenceis only � 0 � 07,i.e.,companionsare
typically 0.07magnitudesbluerthantheprimarygalaxy. As the
companionsare(by de�nition) fainterthantheprimarygalax-
ies, this small differencemay be an effect of the existenceof
thecolor-magnituderelation.Figure8(a)showstherelationbe-
tweencolordifferenceandluminosityratio. Thereis a correla-
tion, with thefaintestcompanionsbeingthebluest.Thedashed
line showstheexpectedcorrelationfor elliptical galaxiesonthe
(galaxy cluster)color-magnituderelation (López-Cruz,Bark-
house,& Yee2004). In Fig. 8(b) we show the distribution of
residualcolor differencesafter subtractingthis relation. The
medianof thedistribution is � 0 � 02 andthermsscatteris only
0 � 13magnitudes.

Theseresultsshow that the ongoingmergersin our sample
occur“within” the red sequencewith very small scatter. This
result cannotbe attributed to our selectioncriteria: as 16 of
the 19 pairs are separatedby SExtractorthere is no obvious
bias againstdetectingblue companionsto the primary galax-
ies. Thereis a hint that the observed relation in Fig. 8(a) is
steeperthan expectedfrom the color-magnituderelation, but
this is largely dueto the two pairswith L2 � L1 � 0 � 05 andthe
spiral/S0merger 18-485/522.Among pairswith L2 � L1

� 0 � 1
whoseprimary galaxy is classi�ed as early-typethe residual
scatterin �>� B � R� is only 0.08magnitudes.

TABLE 1
PHOTOMETRY OF MERGER PAIRS

Object L2 I

L1 JLK

B " RM

cdfs-374 0.39 " 0 $ 08
cdfs-1100 0.35 " 0 $ 12
cdfs-6976 0.23 " 0 $ 14
1-2874 0.05 " 0 $ 50
2-3070 0.63 " 0 $ 05
4-1190 0.39 0 $ 02
4-1975 0.51 " 0 $ 16
4-2713 0.13 " 0 $ 29
5-2345 0.04 " 0 $ 39
7-4247 0.21 " 0 $ 03
11-962 0.69 " 0 $ 00
11-1278 0.15 " 0 $ 07
11-1732 0.20 " 0 $ 29
14-1401 0.24 " 0 $ 03
17-596 0.65 0 $ 02
18-485 0.80 0 $ 22
19-2206 0.41 0 $ 08
22-2252 0.31 " 0 $ 07
26-2558 0.20 " 0 $ 10

6. DISCUSSION

6.1. WhyWere They Missed?

The key resultsof our analysisarethe large numberof on-
goingredmergersandtheubiquity of tidal featuresassociated
with (in particular)bulge-dominatedearly-typegalaxies(galax-
iesclassi�ed as“E/S0”). As discussedin §5.2 the largescale,
low surfacebrightnessfeaturesthat we seearedifferent from
the ripples and shells that have beenreportedpreviously in
unsharp-maskedimagesof ellipticals at z � 0. Our sampleis
essentiallylocal, in the sensethat the merger rate is not ex-
pectedto evolve signi�cantly from z � 0 � 1 to z � 0. Nearby
galaxieshavebeenstudiedin greatdetailoverthepastdecades,
andbeforediscussingtheconsequencesof our �ndings we ad-
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dressthequestionwhy this preponderanceof smoothredtidal
featureshasnotbeenseenbefore.

The subjective natureof the visual classi�cations can be
ruledoutasa causegiventheconsistency of visualandquanti-
tativeclassi�cations:73% of E/S0galaxieshavet � 0 � 1. Small
numberstatisticsalsoplaya minor rolegiventhelargenumber
of objectsin the sample. Given the fact that morethan90%
of thesamplecomesfrom theNDWFSwe cannotrule out that
thefractionof interactinggalaxiesis unusuallyhigh in that re-
gion of thesky. Random3 !�� 3! SDSS�elds (see§4.4) show
substantialpeaksin the redshiftdistribution within each�eld,
re�ecting thefact thatmostredgalaxieslive in groupsand�l-
aments.We note,however, thattheredgalaxiesaredistributed
ratheruniformly over the NDWFS area,andthat someof the
mostspectacularmergersarein theunrelatedMUSYC �elds.

The most likely reasonwhy the ubiquity of red mergersin
thelocaluniversewasmissedsofar is thedepthanduniformity
of the available imaging. Classicimaging studiesof nearby
elliptical galaxies(e.g.,Franx,Illingworth, & Heckman1989;
Peletieret al. 1990) usedexposuretimes in the red of only
180s – 600s on 1m – 2m classtelescopes,andsuchshortex-
posureshave beenthenorm ever since(e.g.,Zepf, Whitmore,
& Levison1991;Pildis, Bregman,& Schombert1995;Jansen
et al. 2000;Colbertet al. 2001). Similarly, theeffective expo-
suretimeof theSloanDigital Sky Survey is about51sper�lter
(York et al. 2000).

Among the deepestimaging surveys are thoseof Malin &
Carter(1983),who performedextremeenhancementsof pho-
tographicplatesto bring out low surfacebrightnessfeatures,
andSchweizer& Seitzer(1992),who used2400s – 3600s in-
tegrationswith the0.9m telescopeonKitt Peak.Thesestudies
reachAB surfacebrightnesslimits of �N� 26� 5magarcsec�

2.
Althoughbothstudies�nd sharpdistortionsin theform of rip-
plesandshellsin a largefractionof ellipticals,their depthand
�eld-of-view are not suf�cient to �nd the large low surface
brightnessfeaturesthatwe reporthere.Theexposuretime that
went into eachof the imagesdiscussedhereis � 27

9

000s on
4m classtelescopesequippedwith modernCCDs(equivalent
to 120 hourson a 1m classtelescope),andto our knowledge
suchlong exposureshave never beenobtainedof a signi�cant
sampleof nearbyredgalaxies.

Figure9 showswhatFig.4 wouldlook likeif wehadexposed
for 600sona1m classtelescope.Verylittle remainsof thedra-
matic tidal featuresevident in Fig. 4, illustrating the extreme
depthof theNDWFSandMUSYC surveys. We quanti�ed the
effect of the S/N ratio on the detectabilityof tidal featuresby
arti�cially increasingthenoisein our imagesby afactorof ten,
correspondingto adecreasein exposuretimeof a factorof 100.
The degradedimagesare of similar depthas thoseof Malin
& Carter(1983)andSchweizer& Seitzer(1992),andarestill
substantiallydeeperthanvirtually all otherimagingstudiesof
nearbyelliptical galaxies.As shown in Fig. 6(b) the distribu-
tion of t changessubstantiallywhentheS/Nis decreased.Only
29% of E/S0sin thedegradedimageshave t � 0 � 1, compared
to 73% in theoriginal images.

We concludethat thehigh incidenceof tidal featuresin our
sampleis a direct consequenceof the faint surfacebrightness
levels reachedby the data. We alsonotethat �at �elding un-
certaintiesmay prohibit the detectionof broad tidal features
aroundlocal galaxiesirrespective of exposuretime. The faint
debrisin Fig. 4 hasa very large extent in comparisonto the
high surfacebrightnessregionsvisible in Fig. 9, andmoving

the galaxiesto z � 0 � 01 would changethe surfacebrightness
very little but increasethesizesof thedebris�elds to � 10� or
more. Finally, galaxysurveys in blue �lters (e.g.,Arp 1966)
would classifythemajority of objectsin our sampleasundis-
turbedevenif they met thesurfacebrightnessand�at �elding
requirements.

FIG. 9.— Simulatedappearanceof the galaxiesin Figs.3 and4 if
observed for 600s on a 1m classtelescope,a typical imagingdepth
for studiesof nearbybrightgalaxies.Owing to its low surfacebright-
nessthe large scaletidal debrisis all but invisible. For comparison,
thecontouroutlinesthe OQP 27$ 5magarcsec6

2 level in Fig. 4.

6.2. RecentMerger Historyof Bulge-DominatedGalaxies

We �rst determinethe implicationsof theobserved interac-
tions only, without applyingcorrectionsfor the shortduration
of the mergers. We de�ne a samplewhich containsboth cur-
rentandfuturebulge-dominatedgalaxies,consistingof the86
bulge-dominatedgalaxies(classi�ed as E/S0), minus half of
the six E/S0swhich are interactingwith eachother, plus the
disk-dominatedgalaxies(classi�ed asS or S0) which are in-
volvedin a majormerger. Amongdisk-dominatedgalaxiesthe
only majormergeris thespiral/S0pair18-485/522,whosecon-
stituentgalaxieshaveroughlyequalluminosity. Thetotal sam-
ple of currentandfuturebulge-dominatedgalaxiesis therefore
86 � 3 � 1 � 84. Among this sampleof 84 galaxiesthereare
eighteencurrentmergersand 41 remnants,and we infer that
70% of currentand future bulge-dominatedgalaxiesexperi-
enceda mergeror accretioneventin therecentpast.

The red ongoingmergersand the red tidal featuresassoci-
atedwith many of the E/S0 galaxiesvery likely samplethe
samephysicalprocessat different times. On average,galax-
ieswith strongtidal featuresareprobablyobservedshortlyaf-
ter themergerandgalaxieswith weakfeaturesareobservedat
latertimes.Assumingthattheongoingmergersarerepresenta-
tivefor theprogenitorsof all remnantswecandirectly infer the
massratiosof theprogenitorsof the full sampleof 59 current
and future bulge-dominatedearly-typegalaxies. The median
luminosity ratio of the ongoingmergersis 0.31, and the me-
diancolor differenceis negligible aftercorrectingfor theslope
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of the color-magnituderelation. Assumingthat M � L R M0 C 2

(e.g.,Jørgensenetal. 1996)a luminosityratioof 0.31impliesa
medianmassratioof 0.23,or a 1:4merger.

There is also indirect evidencethat the progenitorsof the
remnantswere typically major mergersratherthan low mass
accretionevents. Simulationsby Johnston,Sackett, & Bul-
lock (2001) show that surfacebrightnesslevels 28 	S�T	 33
are typical for the debris of small satellitessuchas the Lo-
cal Group dwarfs. Similarly, the averagesurfacebrightness
of the giant streamof M31 is � V � 30magarcsec�

2 (Ibata
et al. 2001)and that of the debrisfrom the Sagittariusdwarf

� V � 31magarcsec�

2 (Johnstonet al. 2001). All theseval-
uesarewell beyondthedetectionlimit of our survey. Further-
more, the fraction of tidally disturbedgalaxiesis muchlower
amongdisk-dominatedgalaxiesthanamongbulge-dominated
galaxies. Ignoring the ongoing mergers only 8% of disk-
dominatedgalaxiesshow tidal featurescomparedto 62% of
bulge-dominatedgalaxies. This differenceis consistentwith
the ideathat the eventsresponsiblefor the tidal featureswere
usuallysuf�ciently strongto disturbany dominantdiskcompo-
nent. Finally, the fact that the featuresaretypically broadand
redsuggeststhattheprogenitorsweredynamicallyhotsystems
with old stellarpopulations,consistentwith the propertiesof
thegalaxiesin theongoingmergers.We alsonotethatthefrac-
tion of light associatedwith thefeatures( � 5%) is verysimilar
to thefractionof light associatedwith thetidal debrisin the1:3
mergersimulationshown in Fig. 1.

We concludethat approximately35% of bulge-dominated
redgalaxiesexperiencedamajormergerwith massratio � 1 : 4
in the time window probedby our observations.This result is
direct observationalcon�rmation of the hierarchicalassembly
of massivegalaxies.

6.3. Merger RateandMassAccretionRate

Up to thispoint theanalysisdid notrequireanestimateof the
timescaleof themergers.Suchestimatesareobviously uncer-
tain,but they arenecessaryfor turningthemergerfractionintoa
mergerrateandamassaccretionrate.Thesenumbersaremore
easilycomparedto modelsandotherobservationalstudies,and
areneededfor extrapolatingtheresultsto higherredshifts.

Themergerratecanbede�ned in avarietyof ways(see,e.g.,
Pattonet al. 2002).Hereit is expressedasthenumberof rem-
nantsthatareformedperGyr within ourselectionarea:

R �

fm
tm

Gyr �

1

9

(6)

with fm the fraction of the galaxy populationinvolved in a
merger– with pairscountedassingleobjects– andtm a char-
acteristictimescalefor themergers.We restricttheanalysisto
thesampleof nineteenongoingmergers,assimulationsof the
fadingof tidal debrisaroundtheremnantsof dry mergershave
not yetbeendonein a systematicway.

Following Pattonet al. (2000)we assumethat thetimescale
of themergerscanbe approximatedby thedynamicalfriction
timescale,givenby

Tfric �

2 � 64 � 105r2vc

M ln 


Gyr
9

(7)

wherer is thephysicalseparationof thepairs,vc is thecircu-
lar velocity, M is themassof the lowestmassgalaxy, andln 


is theCoulomblogarithm(seeBinney & Tremaine1987;Pat-
ton et al. 2000).Themedianprojectedseparationof thepaired
galaxiesis 8 �

� � 6, or 16 � 3 kpc at z � 0 � 10 � 0 � 02. Assuming

randomorientationsthis correspondsto amedianphysicalsep-
arationr � 20 � 4 kpc. To obtainanestimateof vc we assume
that thepairshave similar line-of-sightvelocity differencesas
the seven elliptical-elliptical mergersdiscussedin Combeset
al. (1995). The meanvelocity differenceof the Combeset al.
pairs � v � 296 � 91kms�

1(with the error determinedby the
jackknife method),implying vc �VU 3� v � 513 � 158kms�

1

for an isotropicvelocity distribution. The medianmassof the
companionsis � 7 � 3�W� 1010M X , wherewe usedM � LR � 4 � 6
in Solar units to convert luminosity to mass(van der Marel
1991) and assumedz � 0 � 10 � 0 � 02. Taking ln 
Y� 2 (fol-
lowing Dubinskiet al. 1999andPattonet al. 2000)we obtain
Tfric � 0 � 4 � 0 � 2Gyr. With fm � 19� 122 � 0 � 16 � 0 � 03we ob-
tainR � 0 � 4 � 0 � 2Gyr �

1.
Theeffectof themergersonthemassevolutionof redgalax-

ies not only dependson the merger ratebut alsoon the mass
changeresultingfrom individual mergers.Themassaccretion
ratecanbeapproximatedby

� M � M � R � M2 � M1 Gyr �

1

9

(8)

with M2 � M1 themedianmassratio of themergers. As shown
in §6.2this ratio is approximately0.23.With Rm � 0 � 4 we ob-
tain � M � M � 0 � 09 � 0 � 04Gyr �

1, i.e., merging increasesthe
massesof galaxieson the red sequenceby � 10% every 109

years.
For comparisonto otherstudiesit is alsoof interestto con-

siderthemajormergerfractionwithin aprojectedseparationof
20kpc. Thereareseven red pairswith luminosity ratio � 0 � 3
andprojectedseparation	 11� � , correspondingto a fractionof
0 � 06 � 0 � 02. It shouldbe stressedthat this numberrefersto
mergerswithin the red sequence,not to the merger fraction
within the full sampleof R 	 17 galaxies. The colorsof the
well-separatedpairsshow that red galaxies“prefer” to merge
with otherredgalaxies.We have not examinedtheprevalence
of mergersamongluminousbluegalaxies,but asdiscussedin
§1 the stellar populationsof ellipticals rule out widespread
major mergersamongthis population. Therefore,the major
merger ratein the full sampleof red andblue galaxiesis pre-
sumablymuchlower thanthat within the restrictedsampleof
red galaxies.A very roughestimateof the merger fraction in
thefull sampleis 0 � 06 � Nred� Ntotal � 0 � 02,in reasonableagree-
mentwith previousstudiesof closepairs(see,e.g.,Pattonetal.
2002,Lin et al. 2004,andreferencestherein).

6.4. Effectson theEvolutionof theLuminosityDensity

At redshiftsz 	 1, theobservedevolution of the luminosity
functionof redgalaxiesre�ects passive evolution of thestellar
populationsandpossiblechangesin theunderlyingmassfunc-
tion. As discussedin, e.g.,McIntoshetal. (2005)thesechanges
canbedueto mergers,galaxiesenteringtheredsampledueto
changesin their starformationrate,or othereffects. The best
availableconstraintson the evolution of the luminosity func-
tion of red galaxieswerederived by Bell et al. (2004),using
theCOMBO-17survey. They �nd that the luminositydensity
of luminousredgalaxiesis approximatelyconstantout to z � 1,
which is surprisinggiventheexpectedevolution of a factorof
3 � 4 in theM � L ratiosof thegalaxies(e.g.,vanDokkumet al.
1998a,Treu et al. 2005,van der Wel et al. 2005). A possible
explanationis that theunderlyingstellarmassdensityevolves
aswell, compensatingfor passiveevolutionof thestellarpopu-
lations(Bell etal. 2004).

We �rst determinethe effect of the observed red mergers
only, i.e., the 52% of red galaxiesthat are merger remnants
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or a mergerpair. Dry mergershave no effect on thetotal lumi-
nosity density, but they have a strongeffect on the luminosity
densityof galaxiesbrighterthana �x edmagnitude.Theeffect
of a singlegenerationof mergerscanbeapproximatedby

j � z�Z�\[ 1 � fm ]

L2

L1 � L2 ^`_

j � 0�

9

(9)

with j � z� theluminositydensityof luminousgalaxiesbeforethe
mergersand j � 0� theluminositydensityafter themergers.For
fm � 0 � 52and � L2 � L1 �

� 0 � 3 we �nd j � z�W� 0 � 88j � 0� . We use
Monte Carlosimulationsto testthis approximationfor a �du-
cial luminosityfunctionwith a��Y� 0 � 6 andM +��Y� 19� 9 (Bell
et al. 2004). The luminosity function is evolved backward in
timeby breaking50% of thegalaxiesinto pieceswith luminos-
ity ratio 0.3. Calculatingthe luminosity densityfor M 	Y� 19
gives j � z�b� 0 � 89j � 0� , in very goodagreementwith the sim-
ple estimategiven above. The conclusionis that the effect of
the observed mergersandremnantson the luminosity density
of brightgalaxiesis small,of order10%.

The observed interactionsonly probea relatively shortpe-
riod of at most a few Gyr. In order to extrapolatethe effect
of the mergersback in time we assumethe following: 1) the
massaccretionrateat z � 0 � 1 is � M � M � 0 � 09 � 0 � 04Gyr �

1

(see§6.3); 2) thechangein luminositydensitydueto mergers
is proportionalto the accretedluminosity; 3) all red galaxies
areequallylikely to undergo mergers;and4) the massaccre-
tion rate evolvesas � 1 � z�

m. The valueof m is treatedas a
free parameter:observational constraintson the evolution of
themergerratemaynot bequiteconsistent(see,e.g.,Pattonet
al. 2002,Conceliceet al. 2003,Lin et al. 2004),andnostudies
have speci�cally consideredthe evolution of the pair fraction
amonggalaxieson theredsequence.

Thedashedlinesin Fig.10show thepredictedmerger-driven
evolution of the luminositydensityof bright redgalaxieswith
theseassumptions,for three valuesof m. The model with
m � 0 has a constantaccretionrate, and in the model with
m � 1 � 5 the accretionrate is 3 � higherat z � 1 than it is at
z � 0. The dottedlines show the evolution of the M � LB ratio
of �eld early-typegalaxies,asmeasuredby vanderWel et al.

(2005). Theseauthors�nd � lnM � LB �-�c� 1 � 20 � 0 � 18� z for
galaxieswith M � 2 � 1011M X (appropriatefor our sample),
which is consistentwith theindependentmeasurementby Treu
etal. (2005).Thesolid line showsthepredictedevolutionof jB
whenbothmergersandM � L evolution aretaken into account.
Grey bandsindicatethe combineduncertaintiesin � lnM � LB
and the merger rate. The predictedevolution of jB depends
ratherstronglyon theassumedevolution of themassaccretion
rate:it is positivefor anon-evolvingaccretionrate,constantfor
m � 1, andnegativefor m � 1.

Solid points show the luminosity density in luminous red
galaxiesasmeasuredby Bell et al. (2004) (their Fig. 5). As
discussedextensively by theseauthorsthe dataare inconsis-
tentwith passive evolution alone(dottedcurves). However, as
canbeseenin Fig. 10 thedataarefully consistentwith models
thatincludethemassaccretionratemeasuredhere.Theuncer-
taintiesin thedatapoints,themeasuredM � L evolution,andthe
merger rateare too large to distinguishbetweenmodelswith
differentvaluesof m, althoughthedataatz � 0 � 8 seemto favor
modelswith m � 0.

We infer that the cumulative effectsof dry mergersmay be
thedominantcauseof theconstantluminositydensityof lumi-
nousred sequencegalaxiesin the COMBO-17survey. There
are several caveats: both the datapointsin Fig. 10 and the
z � 0 � 1 massaccretionratehave substantialerrors,leadingto
a wide rangeof allowedmodels;althoughthemostrecentgen-
erationof mergersappearsto be (nearly)dissipationless,this
mayno longerholdatz

�

� 0 � 5; andthefactthatdisk-dominated
redgalaxiesprobablyevolvedifferentlyfrom bulge-dominated
onesis ignored.Thelackof evolution in theluminositydensity
of bright redgalaxies,if con�rmed, is probablydueto a com-
binationof effectswith dry merging a signi�cant, but not the
only, contributor (seealsoMcIntoshet al. 2005).

7. CONCLUSIONS

Fromananalysisof tidal featuresassociatedwith bright red
galaxieswe�nd that � 70% of bulge-dominatedgalaxiesexpe-
rienceda mergerwith medianmassratio 1:4 in therecentpast.

FIG. 10.— Evolution of theB-bandluminositydensityof redgalaxies.Thedottedlinesshow theevolution of theM
I

LB ratio of �eld early-type
galaxies,asmeasuredby vanderWel etal. (2005).Dashedlinesshow thecounter-actingeffect of redmergers,with differentassumptionsfor the
evolution of themassaccretionrate. Themassaccretionrateis 9% d 4% perGyr at z H 0 $ 1, andevolvesas

K

1 e zM

m. Thesolid line shows the
total luminositydensity. Grey bandsshow thecombineduncertaintyresultingfrom theuncertaintiesin themerger rateandtheevolution of the
M

I

LB ratio. Datapointsarefrom theBell et al. (2004)analysisof theCOMBO-17dataset.Thereis goodagreementbetweenthemodelsandthe
data,in particularif m ; 0.
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Expressedin otherways, � 35% of bulge-dominatedgalaxies
experiencedamajormergerinvolving � 20% of its �nal mass,
and the currentmassaccretionrateof galaxieson the red se-
quence� M � M � 0 � 09 � 0 � 04Gyr �

1. Assuminga constantor
increasingmassaccretionratewith redshift it is inferred that
thestellarmassdensityin luminousredgalaxieshasincreased
by a factorof

�

� 2 over theredshiftrange0 	 z 	 1.
Neitherof the two standardparadigmsfor elliptical galaxy

formation appearsto be consistentwith our results: “mono-
lithic” assemblyat high redshiftor late assemblyvia mergers
of gas-richdisk galaxies.Instead,elliptical galaxiesappearto
havebeenassembledin mergersof bulge-dominated,redgalax-
ies.This “dry” form of merging is qualitatively consistentwith
the high centraldensitiesof ellipticals (Gaoet al. 2004),their
redcolorsanduniform properties,theexistenceof theM � ��


relation(Wyithe& Loeb2005),andtheir speci�c frequency of
globularclusters.

It remainsto be seenwhetherwidespreaddry mergersare
consistentwith theslopeandscatterof thecolor-magnitudere-
lation (see,e.g.,Boweret al. 1998,Ciotti & vanAlbada2001).
The medianmerger in our samplemakesthe brightestgalaxy
more luminousby � 30% and bluer by only � 0 � 02 mag in
B � R, andits remnantwill lie within � 0 � 03magof thecolor-
magnituderelation. However, it is doubtful whethermultiple
generationsof suchmergerscanbeaccommodated,unlessthere
is a strongcorrelationbetweenthe massesof the progenitors
(seePeebles2002). It will alsobe interestingto seewhether
theevolution is consistentwith thenumberdensityof massive
galaxiesat high redshift. Again, the observedmergersonly
have a � 10% effect on themassfunctionof redgalaxies,and
theextrapolationto higherredshiftsis obviously still very un-
certain.Furthermore,theevolution of themassfunctionof all
galaxiesmaybedifferentfrom thatof thesubsetof galaxieson
theredsequence.

Thehigh mergerratecon�rms predictionsfrom hierarchical
galaxyformationmodelsin a 
 CDM universe(e.g.,Kauffmann
et al. 1993; Kauffmann1996; Cole et al. 2000; Somerville,
Primack,& Faber2001; Murali et al. 2002). Furthermore,
semi-analyticalmodelshave predictedthat gas-poormergers
betweenbulge-dominatedsystems,ratherthanmergersof disk
systems,are responsiblefor the formation of the most mas-
siveellipticals(Kauffmann& Haehnelt2000;and,in particular,
Khochfar & Burkert 2003). Quantitative comparisonsof mass
growth aredif�cult ascurrentmodelsdo not naturallyproduce
red�eld galaxieswithout starformation: thecolorsof �eld el-
lipticals in the simulationsare too blue and their M � L ratios
too low (e.g., Kauffmann 1996; van Dokkum et al. 2001a).
Additional mechanisms,suchasheatingby active nuclei, ap-
pearto be requiredto halt gascooling and star formation in
massive galaxies(e.g.,Binney 2004,Somerville2004,Dekel
& Birnboim 2005,Kereset al. 2005). Our resultsimply that
revisedmodelswhich addresstheseissuesshouldnot only re-
producethe“red anddead”natureof ellipticals todaybut also
of their immediateprogenitors– which mayoccurnaturallyif
theprogenitorshavemassesgreaterthansomecriticalmass(see
Cooray& Milosavljević 2005).

The main uncertainty in the observed merger fraction is
the possibility that the Northern NDWFS �eld, which con-
tains over 90% of the sample,is specialin its frequency of
tidally disturbedobjects. This seemsunlikely given its area
of � 400Mpc2 at z � 0 � 1, but the issueof �eld-to-�eld vari-
ationsin the merger fraction will only be settledconclusively

whenindependent�elds of similar sizearestudiedin thesame
way. Themainuncertaintyin themergerrateandmassaccre-
tion rateis thetimescaleof themergers.Althoughourestimates
broadlyagreewith otherstudies(see,e.g.,Lin et al. 2004,and
referencestherein),this maysimply re�ect thefactthatsimilar
assumptionsleadto similar results.Modelingof red,gas-poor
mergershasnot beendonein a systematicway usingmodern
techniques,andit will beinterestingto seewhatthetimescales
arefor theinitial coalescenceandthesubsequentsurfacebright-
nessevolution of tidal debris.Speci�cally, modelingof the19
merging systemsand44 remnantspresentedherewould pro-
videmuchbetterconstraintsonthemergerrateandmassaccre-
tion rate,particularlywhenmorecompleteredshiftinformation
is available.

More detailedobservationalstudiesof themergersandtheir
remnantsmay help answerthe questionwhy the mergersare
red,i.e.,whatmadetheprogenitorslosetheir gas?If activenu-
clei preventthecoolingof gasabovesomecritical massatearly
timesthey mayplaythesameroleduringmergers,andit will be
interestingto comparethe degreeof nuclearactivity in undis-
turbedgalaxies,ongoingmergers,andremnants.Also, sensi-
tive diagnosticsof youngpopulations(e.g.,H f line strengths
andultra-violet photometry)canprovide betterconstraintson
the star formationhistoriesof the mergersandremnants.Fi-
nally, studieswith higherspatialresolutioncanprovide infor-
mationon thedetailedisophotalshapes(boxy or disky) of the
remnantsandtheirprogenitors,andonpossiblecorrelationsbe-
tweenlargescalesmoothdistortionsandthesharpripplesand
shellsthathavebeenreportedin z � 0 ellipticals(seeHernquist
& Spergel1995).

Ourstudyfocusesoneventsthatwecanseetoday, andit will
bevery interestingto pushtheanalysisto higherredshifts.Al-
thoughthemostrecentgenerationof mergerscouldbe largely
“dry”, previousgenerationslikely involvedbluegalaxiesand/or
wereaccompaniedby strongstarformation(see,e.g.,Sanders
et al. 1988). Unfortunatelyit will be dif�cult to identify the
broadredtidal featuresthatwe seehereat signi�cantly higher
redshift due to the � 1 � z�

4 cosmologicalsurface brightness
dimming. Thelimiting depthof theMUSYC andNDWFSim-
agesis � 29magarcsec�

2 (1
 , AB). An equivalentsurvey at
z * 1 shouldcoveranareaof

�

� 1 squaredegreeandreachlev-
els of � 31� 5magarcsec�

2 at z � 1 and � 33� 5magarcsec�

2

at z � 2. Even when(unfavorable)K-correctionsare ignored
theserequirementsarewell beyond the capabilitiesof current
ground-or space-basedtelescopes.A moreviabletechniqueis
to focuson thefractionof redgalaxiesin pairs. Althoughpair
statisticsrequirelargecorrectionsdueto theshorttimescaleof
themergers,pairsareeasilydetectableout to highredshiftwith
the Hubble SpaceTelescope(seevan Dokkum et al. 1999).
Basedon the work presentedherethe merger fraction among
galaxiesontheredsequenceshouldbe � 0 � 06 � 0 � 02�g�h� 1 � z�

m

for separations	 20kpc andluminosityratios * 0 � 3.
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APPENDIX

CATALOG AND ATLAS

Herewe providecoordinates,magnitudes,colors,morphologies,andtidal classi�cationsfor all 126redgalaxies.We alsopresent
imagesof all objectsin thesample.Thesesmallimagesat �x edcontrastlevel donotdothedatajustice,but spacelimitationsprohibit
anatlason thescaleof Figs.3 and4.

Thecatalogwill beavailablein electronicform afterpublication.
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FIG. A11.— Imagesof the 10 spiral galaxies. The color imageswerecreatedfrom the B andR images,andhighlight the red colorsof the
galaxiesandany tidal features.Greyscaleimageswerecreatedfrom the summed“BVR” (MUSYC) and“BRI” (NDWFS) images,andbring
out low surfacebrightnessfeatures.The lengthof thewhite bar is 302 2 . Theclassi�cationof tidal featuresis in the lower right of thegreyscale
panels:none,weak,strong(usuallyrecentmerger remnants),or ongoing(whena tidal companioncanbesecurelyidenti�ed). Thecompanions
anddoublenucleiarenot alwaysclearin theseimages,asthecontrastis optimizedfor low surfacebrightnessfeatures.All ongoingmergersare
shown in Fig. 7, with thecompanionsclearlyindicated.
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FIG. A12.— Imagesof the30early-typegalaxieswith a cleardisk.
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FIG. A10.— (continued)
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FIG. A10.— (continued)
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FIG. A11.— Imagesof all 86 bulge-dominatedearly-typegalaxies(“E/S0s”). The resolutionof the imagesis not suf�cient to separatebulge-
dominatedor closeto face-onS0galaxiesfrom ellipticals.Notetheubiquity of tidal featuresandinteractionsamongtheE/S0galaxies.



23

FIG. A11.— (continued)
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FIG. A11.— (continued)
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FIG. A11.— (continued)
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FIG. A11.— (continued)
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FIG. A11.— (continued)
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FIG. A11.— (continued)
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FIG. A11.— (continued)
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FIG. A11.— (continued)


